r The primary olfactory (or piriform) cortex is a promising model system for understanding how the cerebral cortex processes sensory information, although an investigation of the piriform cortex is hindered by a lack of detailed information about the intrinsic electrical properties of its component neurons.
Introduction
A fruitful strategy for understanding any neural circuit is to take a bottom-up approach, which begins with a detailed analysis of the intrinsic electrical properties of the neurons in the circuit. Knowledge of these intrinsic properties makes it possible in principle to quantify the input-to-output transformation implemented by each type of neuron, which can then be incorporated into a network model of the circuit (Herz et al. 2006; Carandini, 2012; Gerstner et al. 2012; Yuste, 2015) . This kind of approach has been applied at different levels of detail in many brain regions, including the neocortex (Markram et al. 2015) , thalamus (Izhikevich & Edelman, 2008) and retina (Ding et al. 2016) . In the present study, we describe some of the groundwork that will assist in the application of this approach to the piriform cortex.
The piriform cortex (PC) is the primary sensory cortex for olfaction in mammals. The PC is unusual in that it is a three-layered palaeocortex, in sharp contrast to the more highly-evolved six-layered neocortex of all other primary senses (Stevens, 1969; Haberly, 1983; Shepherd, 2011; Fournier et al. 2014; Klingler, 2017) . Despite its simpler trilaminar anatomy, however, the PC is a functionally sophisticated neural device, considered to be important for recognizing and remembering odours as holistic entities rather than as lists of chemical components (Murthy, 2011; Wilson & Sullivan, 2011; Bekkers & Suzuki, 2013; Giessel & Datta, 2014; Uchida et al. 2014) . This combination of simplicity and sophistication has made the PC an appealing model system for investigating how sensory information is represented in the activity of cortical circuits (Stettler & Axel, 2009; Choi et al. 2011; Poo & Isaacson, 2011; Sosulski et al. 2011; Miura et al. 2012; Gire et al. 2013; Shakhawat et al. 2014; Cohen et al. 2015; Sturgill & Isaacson, 2015; Large et al. 2016; Bolding & Franks, 2017; Roland et al. 2017; Tantirigama et al. 2017) .
The most numerous neurons in the PC are the glutamate-releasing principal cells which have their somas densely packed into layer 2 (Neville & Haberly, 2004; Bekkers & Suzuki, 2013) . These layer 2 principal cells can be divided into two broad classes, semilunar (SL) cells and superficial pyramidal (SP) cells, both of which receive direct afferent input from the olfactory bulb and which are expected to be key players in the representation of olfactory information (Suzuki & Bekkers, 2006 Wiegand et al. 2011; Choy et al. 2017) . Thus, an understanding of the intrinsic electrical properties of SL and SP cells will be necessary for implementing a realistic neural network model of the PC. By using a combination of whole-cell and nucleated outside-out macropatch recordings from slices of the PC of juvenile mice, we examined the properties of voltage-gated Na (Na V ), voltage-gated K (K V ) and Ca-activated K (K Ca ) conductances in identified SL and SP cells.
The research had two specific aims. First, we aimed to determine whether differences in Na V , K V and K Ca conductances between SL and SP cells might contribute to the previously-described differences in action potential (AP) properties between these two cell types (Suzuki & Bekkers, 2006) . Second, we aimed to take advantage of nucleated patch recordings (which allow very accurate voltage control; Martina & Jonas, 1997; Bekkers, 2000b ) to obtain detailed quantitative descriptions of the time-and voltage-dependence of Na V and K V conductances in these neurons. Such data would allow us to compare the intrinsic properties of glutamatergic principal cells in the PC with those of principal cells in the neocortex. These quantitative descriptions would also provide a valuable resource for computational neuroscientists seeking to model the PC (de Almeida et al. 2013; Grabska-Barwinska et al. 2017) .
Our experiments revealed surprisingly few differences in the properties of Na V , K V and K Ca conductances between SL and SP cells, suggesting that their divergent firing properties were a result of other factors. We also found that these conductances were similar to those typically present in glutamatergic neurons in the neocortex. Overall, our results provide evidence that the PC is, at the single-cell level, not very different from any other cortical region, supporting the view that the PC is an appropriate model for understanding cortical sensory circuits more broadly.
Methods

Ethical approval
All procedures were approved by the Animal Experimentation Ethics Committee of the Australian National University (protocols J.NS.44.09 and A2015/22) and adhere to the Australian Code of Practice for the care and use of animals for scientific purposes. Mice (C57BL6/J, n = 144, 17-26 days old of either sex, weighing 8-14 g) were obtained from the Australian Phenomics Facility, which is located adjacent to our laboratory. Animals were housed either with their mother or, after weaning, in groups of four to five per cage in standard individually-ventilated cages under a 12:12 h light/dark photocycle, with access to food and water available ad libitum. On the day of the experiment, an animal was removed from its home cage and, within 30 min, placed in a transparent chamber that was perfused with 2% isoflurane in O 2 using a calibrated vaporiser. After the righting reflex was abolished but when the respiration was still normal, the animal was quickly removed from the chamber and decapitated prior to removal of the brain for slicing.
Slice preparation
Coronal slices (300 μm thick) were prepared from the anterior PC using standard techniques (Suzuki & Bekkers, 2006) . Briefly, slices were cut in an ice-cold high-magnesium saline slurry containing (in mM): 125 NaCl, 3 KCl, 0.5 CaCl 2 , 6 MgCl 2 , 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 10 glucose and 0.5 ascorbic acid (osmolality 305 mosmol kg −1 ), and then transferred to a holding chamber containing artificial cerebrospinal fluid (aCSF) at 35°C supplemented with 2 mM ascorbic acid and 3 mM pyruvate. aCSF contained the following (in mM): 125 NaCl, 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 25 NaHCO 3 , 1.25 NaH 2 PO 4 and 25 glucose (310 mosmol kg −1 ). After 45 min of incubation at 35°C, slices were allowed to equilibrate to room temperature. All solutions were continuously bubbled with 5% CO 2 /95% O 2 (carbogen).
Electrophysiology
For recording, slices were constantly perfused at ß2 mL min −1 with carbogen-bubbled bath solution maintained at 33-34°C. For most experiments, the bath solution was carbogen-bubbled aCSF, sometimes supplemented with 0.2-5 mM 4-aminopyridine (4-AP), 1 μM paxilline or 0.5 μM TTX. In some experiments 30 mM tetraethylammonium (TEA) chloride was used; in this case, the aCSF was modified by reducing the concentration of NaCl to 95 mM. Patch electrodes were pulled from thick-walled borosilicate glass (GC150F; Harvard Apparatus, Cambridge, MA, USA) and had open-tip resistances of 4-6 M when filled with internal solution. The internal solution used for Na current nucleated patch recordings contained (in mM): 135 CsMeSO 4 , 7 NaCl, 10 Hepes, 0.1 EGTA, 2 MgCl 2 , 2 Na 2 ATP, 0.3 NaGTP and 10 sorbitol (290 mosmol kg −1 , adjusted to pH 7.3 with CsOH). The measured junction potential was −6 mV. The internal solution used for K current nucleated patch recordings and whole-cell current clamp recordings was similar except that it contained 135 KMeSO 4 instead of CsMeSO 4 and was adjusted to pH 7.3 with KOH instead of CsOH. This solution had a measured junction potential of −7 mV. Most internal solutions were supplemented with the fluorescent dye Alexa-488 (50 μM; Thermo Fisher Scientific Inc., Waltham, MA, USA) to allow confirmation of dendritic morphology. SL and SP cells were distinguished by their somatic location (SL: upper layer 2; SP: lower layer 2), their dendritic structure (SL: apical dendrites only; SP: apical and basal dendrites) and, in most cases, by their firing pattern in response to a depolarizing current step (Suzuki & Bekkers, 2011) . Whole-cell patch clamp recordings were obtained using a MultiClamp 700A amplifier (Molecular Devices, Sunnyvale, CA, USA). Nucleated outside-out macropatches were obtained using standard techniques (Bekkers, 2000b) . At the end of the experiment, the patch was blown out and the electrode offset was measured. Data were excluded if the offset was outside the range ±1.5 mV. All voltages reported in the present study have been corrected for the junction potentials noted above.
Voltage and current traces were filtered at 10 kHz and digitized at 20 or 50 kHz via an ITC-18 interface (HEKA Elektronik Dr Schulze GmbH, Lambrecht, Germany) under the control of Axograph X (Axograph Scientific, Amsterdam, the Netherlands) or Igor Pro (WaveMetrics Inc., Portland, OR, USA). For voltage clamp experiments, nucleated patches were clamped at a holding potential near −77 mV. Series resistance compensation was adjusted for the fastest possible relaxation of the capacitance transient, without ringing or overshoot (typically 50-80% compensation). Unadjusted series resistance was typically in the range 6-13 M . In most experiments, linear leak and residual capacitance currents were subtracted online. The command voltage step was inverted and scaled down by a factor, S, into a hyperpolarized range (usually −77 to −97 mV). The resulting linear current was then scaled back up by S and added to the current elicited by the original command step. The noise in the linear current, which is also scaled up by this leak subtract method, was reduced by signal averaging (2-5 repetitions). Leak subtraction was not used with steady-state inactivation protocols for I K (Fig. 5C ) to minimize patch instability during the long (1-10 s) inactivating prepulses. The stability of the patches was assessed by revisiting the first command pulse at the end of each family of voltage commands. For some patches, the series resistance compensation was turned off and the averaged response (n = 100) to a −1 mV voltage step ( V) was measured. The area (charge, Q) under the 'off' capacitance transient was calculated and used to determine the capacitance C of the patch (C = Q/ V). Finally, the area of the patch was estimated by dividing C by the specific capacitance of the membrane (0.9 μF cm −2 ) (Gentet et al. 2000) . The areas of patches from SL and SP cells were not significantly different (SL: 254 ± 17 μm 2 , n = 10; SP: 236 ± 10 μm 2 , n = 8; P = 0.40, unpaired two-tailed t test). These values were used to find the conductance density (pS μm −2 ). For current clamp experiments, the cell was allowed to remain at its resting potential. Cells with resting potentials more depolarized than -65 mV were discarded. Bridge balance and capacitance neutralization were adjusted and checked frequently during the experiment.
Phrixotoxin-1, charybdotoxin and apamin (all 1 μM in aCSF; Alomone Labs, Jerusalem, Israel) were applied around the soma via a puffer pipette (tip diameter 2-3 μm) driven with brief pressure pulses (10 psi, 0.5 s in duration at 1 Hz) provided by a Picospritzer (Parker Hannifin, Cleveland, OH, USA). In control experiments, we confirmed that puffer application of TTX (0.5 μM) using the same pressure parameters completely blocked the Na AP elicited by current steps at the soma.
Analysis
Analysis was performed using AxoGraph X and MatLab (MathWorks Inc., Natick, MA, USA). For voltage clamp experiments, averaged current traces were digitally filtered at 5 kHz then adjusted to the baseline immediately before application of the test potential. Peak current amplitude was measured by averaging ± 20 μs, ±0.2-0.5 ms or ±1 ms around the peak for Na current (I Na ), A-type K current (I A ) and delayed rectifier K current (I K ), respectively. Current (I) was converted to conductance (G) using
where V is the test potential and E rev is the reversal potential for I. For Na currents, E rev was estimated from the interpolated current-voltage plot (see Results); for K currents E rev was fixed at −85 mV, as previously reported for nucleated patches from layer 5 neocortical pyramidal cells using similar solutions (Bekkers, 2000b) . Activation and inactivation plots were fitted to the Boltzmann function,
where V 1/2 is the voltage at which activation or inactivation is half-maximal, and k is the slope factor. Data for individual cells were fitted separately, then the fit values were averaged together to yield the numbers listed in Tables 1-3 . Summary data for the time constants of onset of and recovery from inactivation were fitted with empirical functions, as also given in Tables 1-3 . The time courses of the current traces were fitted by Hodgkin-Huxley-style functions of the form m N h where m and h are rising and falling exponentials, respectively, and N is an integer (N = 3 for I Na and I A ; N = 1 for I K ). Fits were done by first fitting only the falling phase of the current to a sum of two exponentials (the h term), then fitting the rising phase and peak region of the current (the m N term) at the same time as holding h (and N) fixed. Only the dominant (faster) of the two exponential components of the h term is plotted for I Na and I A , although both components are shown for I K . Empirical equations describing the voltage dependence of m and h are given in Tables 1-3 .
Blockade by phrixotoxin-1 was quantified by fitting a sum of two exponentials to the leak-subtracted outward current, starting at the peak, before and after drug application, then calculating the reduction in amplitude of the faster component. Instantaneous AP frequency was defined as 1/ t n for the n th interval, where t n is the time interval between the n th and (n + 1) th APs. This was calculated for the APs elicited by a 200 ms long current step that evoked exactly six or seven APs. In some cases, the instantaneous AP frequency was normalised to the frequency of the third AP interval; this was performed to facilitate comparison of firing patterns before and after apamin, which caused a large increase in firing rate. Averaged f-I plots (i.e. plots of AP frequency vs. current) show normalised currents on the x-axis. For each cell, the actual injected currents were normalised for plotting by subtracting the rheobase current for that cell. Individual f-I plots were then averaged across all cells.
Statistical analysis
Statistical analyses were carried out using R, version 3.3.3 (R Core Team, 2017) running under RStudio, version 1.0.143. Simple pairwise comparisons (e.g. when comparing the Boltzmann parameter V 1/2 for SL and SP cells) were performed using Student's unpaired two-tailed t test. Multiple comparisons used either linear models or linear mixed-effects models (lm and lmer functions, respectively, in R) depending on the structure of the dataset. In each case, the residual plots were examined and, 
V is the membrane potential in mV. Some parameters are shown as the mean ± SEM, with the number of patches given in parentheses under a. Asterisks indicate significant differences between corresponding mean values for SL and SP cells ( * 0.01 ࣘ P < 0.05; * * * 0 < P < 0.001). 
V is the membrane potential in mV. Some parameters are shown as the mean ± SEM, with the number of patches given in parentheses under a. Asterisks indicate significant differences between corresponding mean values for SL and SP cells ( * 0.01 ࣘ P < 0.05).
if required, log transforms were applied to heteroscedastic data (e.g. τ h data). Results are given as the mean ± SEM, with the stated P value, and n equal to the number of cells or patches. Significance is indicated, as appropriate, following the usual convention in R. Sample sizes were not predetermined using a statistical test, although sample sizes are similar to those commonly used in the field. Data collection and analysis were not blinded or randomized, although analysis was automated whenever possible.
Results
SL and SP cells are distinctive
We have previously reported that layer 2 of the piriform cortex contains at least two distinct classes of glutamatergic principal neurons, SL cells and SP cells, which differ in their morphology and electrical properties ( Fig. 1 , Suzuki & Bekkers, 2006 steps ( Fig. 1B, left ; same SL cell as in Fig. 1A ), whereas SP cells tend to fire an initial burst of APs followed by accommodation ( Fig. 1B , right; same SP cell as in Fig. 1A ).
In addition, APs in SP cells are usually followed by a brief afterdepolarization that is not observed in SL cells (Fig. 1B, top, insets) . We have previously shown that differences in Ca V 2.3 (R-type) or Ca V 3 (T-type) Ca conductances can account for some of the differences in firing properties between these two cell types (Suzuki & Bekkers, 2006) . We aimed to determine whether differences in Na and K conductances might also contribute to the functional distinctiveness of SL and SP cells. We also aimed to identify kinetic parameters that could be used to model the intrinsic electrical properties of these two classes of cells. Note that SL and SP cells probably represent the extremes of a gradient of principal cell types in layer 2, with intermediate types present at the middle of layer 2 (Suzuki & Bekkers, 2011; Choy et al. 2017) . We took care to focus on SL and SP cells with their somas located in upper layer 2a and lower layer 2b, respectively. In most cases, we also confirmed the dendritic morphology and firing properties of the cells used for analysis (see Methods).
Properties of Na currents are similar in SL and SP cells
We began by focusing on Na V conductances in nucleated outside-out macropatches pulled from the somas of identified SL and SP cells, assuming that somatic Na channels are similar to those that are involved in generating APs following current injection at the soma (Stuart & Sakmann, 1994; Kole et al. 2008) . Potassium channels were blocked by the addition of 30 mM TEA and 5 mM 4-AP to the external solution and 135 mM Cs to the internal solution. Capacitance transients and linear leak currents were subtracted with an online subtraction protocol and series resistance compensation was used (see Methods).
Experiments were performed in a stereotyped order that was the same for Na V (Fig. 2) and K V conductances (Figs. 4 and 5). First, to correctly design our pulse protocols, we needed to measure the kinetics and voltage dependence of the onset of inactivation and recovery from inactivation of I Na . To measure onset of inactivation, the membrane potential was stepped from −96 mV (at which I Na is largely non-inactivated) to a fixed inactivating prepulse potential (V pre ; −46 mV or −66 mV) for different durations ( T; 0 to 25 ms) (Fig. 2Aa, top) . Membrane potential was then stepped to a constant test potential (-16 mV) to assay the amount of I Na that remained available for activation. A single exponential was fitted to the peak I Na vs. T plot (Fig. 2Aa , bottom, dashed grey line) to obtain the time constant of onset of inactivation (summary data in Fig. 2B , filled squares). Recovery from inactivation was measured ), protocol for measuring the kinetics of onset of inactivation of I Na . Membrane potential is stepped to a hyperpolarized potential (-96 mV) to partially remove inactivation, then held at a depolarized in a similar way, except that the starting potential was more depolarized than before (-26 mV) to fully inactivate I Na , and V pre was more hyperpolarized (-126 mV to −66 mV) to facilitate recovery ( Fig. 2Ab ; summary data in Fig. 2B , filled circles).
These inactivation onset and recovery experiments provide different ways of measuring the Hodgkin-Huxley time constant of inactivation, τ h , at different voltages (Bekkers, 2000b) . Another way of measuring τ h is to fit an exponential to the decaying phase of I Na during a series of depolarizing test pulses (Fig. 2Ea) , as discussed below. These fits were added to the summary plots of τ h in Fig. 2B (open circles) . Finally, the combined data points were fitted to an empirical equation that captured the behaviour of τ h , measured in these three different ways over a wide range of membrane potentials ( Fig. 2B ; details shown in Table 1 ). The results for SL and SP cells were not significantly different (data from n = 31 SL cells, n = 38 SP cells; P = 0.50, linear model for log-transformed time constants) ( Fig. 2Ba and Bb).
prepulse potential (V pre ) for various times ( T) to favour inactivation, then stepped to a fixed test potential (-16 mV) to assess the fraction of channels not yet inactivated. Aa (bottom), typical I Na traces showing, superimposed, the responses to the test potential recorded after different times ( T = 0-25 ms, only a subset shown) at V pre = −66 mV (this is an SL cell). Potassium currents are blocked pharmacologically, and capacitive and linear leak currents are removed using an online leak subtraction protocol. Superimposed dashed grey curve is a single exponential fit with a time constant of 3.6 ms. Ab (top), similar protocol for measuring the kinetics of recovery from inactivation, with the difference being that the membrane potential is initially stepped to a depolarized potential (-26 mV) to inactivate I Na and V pre is more hyperpolarized to enable recovery. Ab (bottom), typical I Na responses to this protocol with V pre = −106 mV (SL cell). Superimposed dashed grey exponential has a time constant of 1.0 ms. B, summary plots of the mean ± SEM inactivation time constant (τ h ) vs. membrane potential for patches from n = 3-8 SL cells (Ba) and n = 4-8 SP cells (Bb). Filled symbols are from fits to inactivation recovery (circles) and onset (squares); open circles are from fits to the decay of I Na from an activation protocol (as in Ea). Superimposed smooth curves are empirical fits (Table 1) . Ca, typical I Na steady-state inactivation family (SP cell; pulse protocol shown at top; V pre is 30 ms long for all voltages). Cb, plots of the mean ± SEM normalized peak Na conductance (g Na ) vs. inactivating prepulse potential (V pre ) for SL cells (grey symbols, n = 10) and SP cells (black symbols, n = 9). Superimposed smooth curves are Boltzmann fits to the average data (Table 1) . Da, typical I Na activation family (same SP cell as in Ca; pulse protocol at top; prepulse to −116 mV is 30 ms long). Db, plots of the mean ± SEM normalized g Na vs. amplitude of the test potential (V test ; symbols as in Cb; SL: n = 11; SP: n = 9). Superimposed smooth curves are Boltzmann fits to the average data (Table 1) . Ea, another I Na activation family from an SP cell showing fits of a Hodgkin-Huxley function (m 3 h; superimposed grey lines). Eb, plots of the mean ± SEM rise time constant (τ rise ) vs. V test , using the results of fits as in (Ea) (SL: n = 8; SP: n = 8). Superimposed smooth curves are Gaussian fits (Table 1 ). The averaged faster decay time constants (τ h ) from fits as in (Ea) are plotted in (Ba) and (Bb) (open circles). See text for details. ns, not significant; * 0.01 ࣘ P < 0.05.
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Next, we measured the steady-state inactivation of Na channels, using the τ h data in Fig. 2B to choose inactivating prepulses of sufficient duration to achieve steady-state inactivation at each membrane potential. We chose a duration of 30 ms for all prepulse voltages (-136 to −36 mV), which is more than 5× the slowest τ h (Fig. 2B) , ensuring that steady-state inactivation has been achieved by the end of the inactivating prepulse. The remaining I Na was then assayed by a step to a fixed test potential (-16 mV) (Fig. 2Ca) . The plot of normalized I Na vs. prepulse voltage for each patch was fitted to a Boltzmann curve to obtain the half-activation potential (V 1/2 ) and the slope (k). Averaging across patches, the mean V 1/2 was slightly more hyperpolarized in SL cells (SL: −80.8 ± 1.7 mV, n = 11; SP: −73.2 ± 2.2 mV, n = 9; P = 0.04, unpaired two-tailed t test), although the mean k was not significantly different (SL: −9.9 ± 0.6; SP: −8.9 ± 0.4 mV; P = 0.30, unpaired two-tailed t test) ( Fig. 2Cb and Table 1 ).
Activation of Na conductance was measured by applying a 30 ms long hyperpolarizing prepulse to −116 mV to remove resting inactivation, then stepping the membrane potential to a range of test potentials (-76 to +34 mV), generating a family of Na currents (Fig. 2Da) . Current was converted to conductance using the estimated reversal potential for Na + (SL: 49.9 ± 1.6 mV, n = 11; SP: 50.1 ± 2.7 mV, n = 9) (see Methods). The plot of normalized peak conductance vs. test potential for each patch was fitted to a Boltzmann curve. The averaged peak conductance plots for SL and SP cells superimposed (Fig. 2Db ) and the mean V 1/2 and k values were not significantly different between the two cell types (V 1/2 : −32.2 ± 1.2 mV for SL, n = 11; −28.4 ± 1.2 mV for SP, n = 9; P = 0.10, unpaired two-tailed t test; k: 7.1 ± 0.3 for SL; 7.1 ± 0.2 for SP; P = 0.90) ( Table 1) .
I Na activation traces as in Fig. 2Da were fitted to a Hodgkin-Huxley function of the form m 3 h, where m and h represent rising and falling exponential curves, respectively (Fig. 2Ea , grey lines superimposed on data traces) (see Methods). The averaged faster time constant of the falling exponentials is plotted in Fig. 2B (open circles), as discussed above. The averaged time constant of the rising exponential (τ rise ) is plotted in Fig. 2Eb . SL and SP cells were not significantly different (SL: n = 8; SP: n = 9; P = 0.69, linear model for log-transformed time constants; parameters for superimposed empirical curves are shown in Table 1 ).
Finally, the maximum conductance density was found for these patches by normalizing the plateau conductance to the membrane area of the patch (see Methods). The maximum Na conductance density was not significantly different between the two cell types (SL: 14.0 ± 2.8 pS μm −2 , n = 10; SP: 19.5 ± 2.8 pS μm −2 , n = 7; P = 0.20, unpaired two-tailed t test).
In summary, these results show that the density and voltage dependence of somatic Na conductances are similar in SL and SP cells, suggesting that these are not major determinants of the distinctive firing properties of these two cell types. We next turned to an analysis of K V conductances.
Kinetically distinctive voltage-dependent K currents are present in SL and SP cells
As for Na V currents, K V currents were measured in nucleated outside-out patches pulled from the somas of identified SL and SP cells. In both cell types, a depolarizing voltage step activated currents with two decay components: fast and slow (Fig. 3A) . Similar currents have been reported in nucleated patches from neocortical pyramidal cells, where they were identified as A-type potassium current (I A ) and delayed-rectifier potassium current (I K ), respectively (Korngreen & Sakmann, 2000; Bekkers, 2000b) . I A is considered to be mediated by ion channels containing K V 4 subunits, I K by channels containing K V 1 or K V 2 subunits (Coetzee et al. 1999; Guan et al. 2007 ). This identification was confirmed pharmacologically for patches from SL and SP cells. As expected for I A (Storm, 1993) , addition of 4-AP (5 mM) to the external solution selectively blocked the fast component (similar result in n = 4 patches) (Fig. 3B) . Confirming this finding, the selective I A (K V 4.2/4.3) blocker phrixotoxin-1 (PhTx; 1 μM in puffer pipette) also partially blocked the fast component (mean block to 0.45 ± 0.04 of control amplitude, n = 7 cells) (Fig. 3C) (consistent with the reported partial block by PhTx of I A in other brain areas; Ji & Martin, 2014; Mendonca et al. 2018) . Addition of TEA (30 mM) inhibited the slower component, as expected for the delayed rectifier, I K (Fig. 3D ) (similar result in n = 6 patches; Storm, 1993; Bekkers, 2000b) . Finally, addition of Cd 2+ , a non-selective Ca channel inhibitor, had no effect on the measured current, ruling out the presence of Ca-activated conductances in these patches (n = 4; data not shown).
Properties of A-type K currents are similar in SL and SP cells
We began by focusing on the biophysical properties of I A . Unless stated otherwise, in these experiments, the bath solution was switched to modified aCSF + 30 mM TEA (to reduce I K ) plus 0.5 μM TTX (to completely block I Na ) after pulling the patch. Voltage clamp experiments were performed in the same order as for I Na . First, the kinetics of inactivation onset and recovery were measured using a prepulse protocol as before, except that the range of recovery intervals, T, was larger to allow for the slower kinetics of I A (0-500 ms) (Fig. 4A) . The mean onset/recovery time constants (τ h ) from these experiments were plotted vs. prepulse potential (Fig. 4Ba and 4Bb , filled circles; parameters for superimposed empirical curves listed in Table 2 ). These τ h data at more hyperpolarized potentials (< −47 mV) were not significantly different between SL and SP cells (n = 27 SL cells, n = 25 SP cells; P = 0.13, linear model for log-transformed time constants). The mean τ h at more depolarized potentials (ࣙ −47 mV), measured from fits to the decaying phase of activation Capacitive and linear leak currents have been subtracted and each trace is the average of four repetitions. Faster-decaying (I A ) and slower-decaying (I K ) outward currents are apparent. The brief inward transient at the beginning of the steps is I Na , and is not clearly seen on this time scale. B, current elicited in a nucleated patch by a step to +53 mV before (black trace) and after (grey trace) applying 5 mM 4-AP in the external solution. Faster-decaying I A is selectively blocked. C, superimposed currents elicited by steps to −27, −37 and −47 mV in a whole-cell recording from an SL cell before (Ca) and after (Cb) puffer application of 1 μM phrixotoxin-1 (PhTx) at the soma. The faster-decaying I A is partially blocked. Bath and puffer solutions also contained 0.5 μM TTX to block I Na . D, an experiment similar to that in (B) with another nucleated patch in which 30 mM TEA was bath-applied externally, inhibiting the slower-decaying I K . families (Fig. 4Ea) , showed a similar trend with membrane potential in SL and SP cells but was significantly larger in SL cells (compare Fig. 4Ba and Fig. 4Bb , open circles; n = 11 SL cells, n = 8 SP cells; P < 0.001, linear model for log-transformed time constants; fitted parameters shown in Table 2 ).
Next, steady-state inactivation data for I A were measured. These experiments used a prepulse protocol (Fig. 4Ca) in which the duration of the inactivating prepulse was 400 ms, which is more than 6× the slowest τ h measured in the inactivation onset/recovery experiment (Fig. 4B) . Peak I A was measured during the test pulse (+53 mV), after subtracting the plateau current, which was taken to be non-inactivated residual I K that was not completely blocked by 30 mM TEA and which appears as a plateau on this fast timescale (Fig. 4Ca) (Bekkers, 2000b) . The averaged steady-state inactivation plots showed that V 1/2 was slightly but significantly more hyperpolarized in SL cells (SL: −90.9 ± 2.7 mV, n = 8; SP: −83.5 ± 1.8 mV, n = 9; P = 0.03, unpaired two-tailed t test) ( Fig. 4Cb and Table 2 ). k did not differ between the two cell types (P = 0.3) ( Table 2) .
We next compared the activation properties of I A in patches from SL and SP cells. Rather than using 30 mM TEA to inhibit I K , as was used when measuring the steady-state inactivation of I A , we used a prepulse protocol that takes advantage of the different inactivation kinetics of I A and I K to separate these two currents and thereby measure their activation parameters, as described previously (Bekkers, 2000b) . These prepulse experiments were carried out in normal aCSF plus 0.5 μM TTX to block I Na .
Patches were clamped at a holding potential of −77 mV, stepped briefly (30 ms) to an alternating prepulse potential (-117 mV or −37 mV), then stepped to the test potential (range −67 to +73 mV). I A is substantially inactivated by a 30 ms long prepulse to −37 mV and largely recovered from inactivation by a 30 ms long prepulse to −117 mV. On the other hand, a 30 ms long prepulse is too brief to greatly affect I K because of its slower inactivation kinetics (see below). Hence, subtracting the current measured with the −37 mV prepulse from that measured with the −117 mV prepulse substantially removes the contaminating I K , leaving mainly the I A that is elicited by the test pulse. Leak currents during the test pulse are also subtracted in this procedure, avoiding the need for a separate leak subtraction step (Bekkers, 2000b) . The optimal duration (30 ms) and amplitudes (-117 mV, −37 mV) of the prepulse were calculated from the known inactivation properties of I A (Fig. 4A-C) and I K (see below), as described previously (Bekkers, 2000b) . Peak I A was converted to conductance using a reversal potential of −85 mV (Bekkers, 2000b) . The averaged fits to activation plots showed no significant difference between SL and SP cells (V 1/2 : −28.5 ± 1.5 mV for SL, n = 15; −26.6 ± 1.7 mV for SP, n = 9; P = 0.42; k: 15.3 ± 0.7 for SL; 12.9 ± 0.9 for J Physiol 596.22 SP; P = 0.054; unpaired two-tailed t tests) (Fig. 4Db and Table 2 ).
I A activation traces were fitted to a Hodgkin-Huxley function of the form m 3 h, as described previously (Bekkers, 2000b) (Fig. 4Ea , grey lines superimposed on data traces) (see Methods). The averaged faster time constant of the falling exponentials yielded τ h for voltages > −47 mV, as discussed earlier above (Fig. 4B,  open circles) . The averaged time constants of the rising exponential (τ rise ) are plotted in Fig. 4Eb . SL and SP cells were not significantly different (data from n = 11 SL cells, n = 8 SP cells; P = 0.61, linear model for log-transformed time constants; parameters for superimposed empirical curves shown in Table 2 ).
Finally, the maximum conductance density for I A in these somatic patches was not significantly different between SL and SP cells (SL: 13.7 ± 1.3 pS μm −2 , n = 8; SP: 14.0 ± 2.6 pS μm −2 , n = 9; P = 0.85; unpaired two-tailed t test).
Properties of delayed rectifier-type K current (I K ) are similar in SL and SP cells
We next repeated the above experiments for the TEA-sensitive delayed rectifier current, I K , which is considered to be mediated by ion channels containing K V 1 or K V 2 subunits (Coetzee et al. 1999) . Unless stated otherwise, the bath solution contained 5 mM 4-AP to Data are from the same SP cell. The pulse protocols (top) are similar to those used for I Na ( Fig. 2A) apart from the choice of V test and the longer T values to capture the slower inactivation kinetics of I A . B, summary data from a series of experiments such as those in A, showing the mean ± SEM of the fitted exponential time constant (τ h ) vs. membrane potential for patches from n = 3-9 SL cells (Ba) and n = 5-7 SP cells (Bb). Filled circles are from fits to inactivation recovery and onset; open circles are from fits to the decay of I A from an activation protocol (as in Ea). Superimposed smooth curves are empirical fits (Table 2) . Ca, typical I A steady-state inactivation family (SL cell; pulse protocol at top; V pre is 400 ms long for all voltages). Cb, plots of averaged normalized peak I A conductance (g A ) vs. V pre for SL cells (grey symbols, n = 7) and SP cells (black symbols, n = 5). Superimposed smooth curves are Boltzmann fits (Table 2) . Da, typical I A activation family (SP cell; pulse protocol at top). Each trace was obtained as the difference between the currents measured with and without a prepulse that inactivates I A (-37 or −117 mV for 30 ms; see Methods). This protocol minimizes contamination by the delayed rectifier, I K , and removes capacitive and linear leak currents. Db, plots of averaged normalized peak I A conductance (g A ) vs. V test for SL cells (grey symbols, n = 6) and SP cells (black symbols, n = 7). Superimposed smooth curves are Boltzmann fits (Table 2) . Ea, I A activation family from an SL cell, obtained using the prepulse protocol as in (Da), showing Hodgkin-Huxley fits (m 3 h; superimposed grey lines). Eb, plots of the mean ± SEM rise time constant (τ rise ) vs. V test , using the results of fits as in (Ea) (SL: n = 11; SP: n = 8). Superimposed smooth curves are exponential fits ( Table 2 ). The averaged decay time constants (τ h ) from fits as in (Ea) are plotted in (Ba) and (Bb) (open circles). ns, not significant; * 0.01 ࣘ P < 0.05; * * * 0 < P < 0.001. Superimposed dashed grey curves are fits to a sum of two block both I A and the dendrotoxin-and 4-AP-sensitive delay-type potassium current, I D (Storm, 1993; Bekkers & Delaney, 2001) .
Inactivation onset and recovery kinetics were measured using protocols similar to those for I Na and I A , except that T was much longer to allow for the substantially slower kinetics of I K (0-30 s) (Fig. 5A) . Unlike I Na and I A , the inactivation onset/recovery kinetics for I K were best described by a sum of two exponentials (Fig. 5A  and B) : the averaged faster time constant was in the range 30-80 ms at different voltages, with the slower time constant in the range 400-3000 ms (Fig. 5A) . For both the fast and slow components, τ h from these experiments was not significantly different between SL and SP cells (Fig. 5B , filled symbols, shown on semi-log plots; data from n = 37 SL cells, n = 30 SP cells; P > 0.7, linear model for log-transformed time constants; parameters for superimposed empirical curves shown in Table 3 ). At more depolarized potentials (ࣙ +3 mV), the fast and slow components of τ h measured from fits to the decaying phase of activation families (Fig. 5E1) were also not significantly different between SL and SP cells (n = 10 SL cells, n = 7 SP cells; P > 0.2, linear model for log-transformed time constants) (Fig. 5Ba and Bb, open circles; fitted parameters shown in Table 3 ).
Steady-state inactivation was measured as before, except that the slower inactivation kinetics (Fig. 5B ) required the duration of the inactivating prepulse to be exponentials plus a constant. The protocol is similar to that used in Fig. 4 , except that T is longer to suit the slower inactivation kinetics of I K . Also, leak subtraction was not used. B, summary data from a series of experiments such as those in (A), showing the mean ± SEM of the fitted exponential time constants (τ h ) vs. membrane potential for patches from n = 3-12 SL cells (Ba) and n = 4-10 SP cells (Bb). Filled symbols are from fits to inactivation recovery and onset (as in  A) ; open symbols are from fits to the decay of I K from an activation protocol (as in Ea). Superimposed smooth curves and lines are empirical fits (Table 3) . Ca, typical I K steady-state inactivation family (SP cell; protocol at top; V pre was 1-10 s long, depending on the voltage; for details, see text). Note that leak subtraction was not used in this protocol. Cb, plots of averaged normalized peak I K conductance (g K ) vs. V pre for SL cells (grey symbols, n = 4) and SP cells (black symbols, n = 4). Superimposed smooth curves are Boltzmann fits (Table 3) . Da, I K activation family (SP cell; protocol at top). For each trace, the test pulse was preceded by a 30 ms long prepulse to −37 mV to inactivate I A . Capacitive and linear leak currents have been subtracted. Db, plots of averaged normalized peak g K vs. V test for SL cells (grey symbols, n = 5) and SP cells (black symbols, n = 4). Superimposed smooth curves are Boltzmann fits (Table 3) . Ea, I K activation family from an SL cell, obtained using the prepulse protocol as in (Da), showing fits to a function of the form mh (i.e. m N h with N = 1; superimposed grey lines). Eb, plots of the mean ± SEM rise time constant (τ rise ) vs. V test , using the results of fits as in (Ea) (SL: n = 10; SP: n = 8). Superimposed smooth curves are exponential fits (Table 3 ). The averaged decay time constants from fits as in (Ea) are plotted in (Ba) and (Bb) (open symbols). ns, not significant; * * 0.001 ࣘ P < 0.01. J Physiol 596.22 much more prolonged. Prepulse potentials were held for the following durations: 10 s for −77 to −7 mV, 5 s for −97 to −87 mV, and 1 s for −117 to −107 mV. Typical raw traces are shown in Fig. 5Ca . Averaged steady-state inactivation plots showed that neither V 1/2 nor k was significantly different between the two cell types (e.g. for V 1/2 : −68.3 ± 2.1 mV, n = 5 for SL; −68.9 ± 1.4 mV, n = 6 for SP; P = 0.81, unpaired two-tailed t test) (Fig. 5Cb and Table 3 ).
Activation properties of I K were measured using a variant of the prepulse protocol described above for measuring I A . After holding at −117 mV for 1 s to remove all inactivation of I K , the membrane potential was briefly (30 ms) stepped to −37 mV to largely inactivate I A , then stepped to the desired test potential (range −77 to +73 mV) (Fig. 5Da) . The bath solution did not contain 4-AP in these experiments but it did contain 0.5 μM TTX to block I Na . Peak I K during the test pulse was converted to conductance using a reversal potential of −85 mV (Bekkers, 2000b) . The averaged Boltzmann fits to normalized activation plots (Fig. 5Db) showed a significant difference between SL and SP cells for V 1/2 but not for k (V 1/2 : -20.1 ± 1.4 mV, n = 9 for SL; −13.2 ± 1.5 mV, n = 7 for SP, P = 0.005; k: 11.1 ± 1.3 for SL; 13.5 ± 1.8 for SP, P = 0.3; unpaired two-tailed t tests) (Fig. 5Db and Table 3) .
I K activation traces were fitted to a Hodgkin-Huxley function of the form mh, as performed previously (Bekkers, 2000b) (Fig. 5Ea , grey lines superimposed on data traces) (see Methods). The decaying (h) component of this fit required a sum of two exponentials, yielding the fast and slow τ h estimates at more depolarized membrane potentials (ࣙ +3 mV), as noted earlier above (Fig. 5B,  open symbols) . The averaged time constants of the rising exponential (τ rise ) (Fig. 5Eb) were not significantly different between SL and SP cells (data from n = 10 SL cells, n = 8 SP cells; P = 0.67, linear model for log-transformed time constants; parameters for superimposed empirical curves shown in Table 3 ).
Lastly, the maximum somatic conductance density for I K was not significantly different between the two cell types (SL: 27.2 ± 4.3 pS μm −2 , n = 9; SP: 28.2 ± 3.8 pS μm −2 , n = 11; P = 0.87; unpaired two-tailed t test).
Blockade of the BK-type Ca-activated K conductance broadens individual APs but does not affect firing patterns
Having compared K V conductances in SL and SP cells, we next turned to K Ca conductances. Three main classes of K Ca channels can be functionally and pharmacologically distinguished in many cortical pyramidal cells (Sah & Faber, 2002) , contributing to fast, medium and slow phases of the afterhyperpolarization (AHP) that follows an AP or train of APs. We began by looking at BK-type K Ca channels, which are responsible for a current (I C ) that underlies a fast AHP.
Local puffer application of charybdotoxin (1 μM), which is a blocker of BK channels (Miller et al. 1985) , had no effect on the firing patterns of SL and SP cells (Fig. 6Aa) 1 μM) , for SL cells (left, n = 9) and SP cells (right, n = 13). ChTx/Pax had no effect on the plots (P = 0.2). C, plots of the mean AP halfwidth vs. the AP number, again from combined ChTx/Pax data, measured in SL cells (left, n = 9) and SP cells (right, n = 13). ChTx and Pax both significantly increased the halfwidth (P < 0.001). ns, not significant; * * * P < 0.001. Figure 7 . SL and SP cells both contain an apamin-sensitive SK current, the blockade of which accelerates spiking without affecting the accommodation pattern of either cell type Both cell types also express a slow AHP. A, current clamp response of an SL cell to a current step (300 pA for 100 ms; bottom trace) before (black) and after (grey) application of apamin near the soma using local pressure ejection (1 μM apamin in the puffer pipette). Inset shows, expanded, the apamin-sensitive medium AHP that follows the current step. Horizontal dashed line indicates 0 mV. B, voltage clamp version of the experiment in (A), shown on a longer timebase. The holding potential was −57 mV and V m was stepped to −7 mV for 100 ms (bottom trace). A slow AHP current was apparent both before (black) and after (grey) local application of apamin at the soma. Inset shows, expanded, the medium AHP current and its sensitivity to blockade by apamin. C, APs elicited by a current step in an SL cell before (left) and after (right) local application of apamin. Da, Averaged plots of the instantaneous AP firing frequency types (Fig. 6Ab) (n = 13 cells) . Similar results were obtained using bath perfusion of a different blocker of BK channels, paxilline (1 μM, n = 9 cells) (Sah & Faber, 2002) . Combining the results from both blockers confirmed the absence of effect on firing patterns (SL: n = 9, P = 0.2; SP: n = 13, P = 0.2; linear mixed-effects model for log-transformed instantaneous frequencies) (Fig. 6B) and confirmed a significant increase in AP halfwidth for each AP in the train (SL: n = 9, P < 0.001, e.g. halfwidth of first AP increased from 0.68 ± 0.03 ms to 0.83 ± 0.04 ms; SP: n = 13, P < 0.001, e.g. first halfwidth increased from 0.74 ± 0.03 ms to 0.97 ± 0.05 ms; linear mixed-effects model for untransformed halfwidths) (Fig. 6C) .
These results show that BK-type K Ca channels are found in both SL and SP cells and have a role in shaping AP waveform but do not affect firing patterns in response to step current injection.
SK and slow AHP conductances are also present in SL and SP cells
Finally, we considered the K Ca channels responsible for medium and slow AHPs in whole-cell recordings from SL and SP cells. Following a 100 ms long depolarizing current step that elicited a train of APs, an AHP lasting ß100 ms was apparent in both cell types (Fig. 7A , black trace, as shown expanded in the inset). This AHP was blocked by somatic application of the SK channel antagonist, apamin (1 μM in puffer pipette) (Fig. 7A, grey trace) , identifying it as the medium AHP (Sah & Faber, 2002) . The result was confirmed and quantified using whole-cell voltage clamp recordings (the stimulus was a 300 ms long step from a holding potential of −57 mV to −7 mV) ( Fig. 7B ; the inset shows, expanded, the period immediately after the end of the step). Somatic application of apamin inhibited the outward, rapidly-decaying current that followed the step ( Fig. 7B, inset ; black trace, control; grey trace, apamin). Current traces before and after apamin application were averaged and subtracted to isolate the apamin-sensitive component (I AHP ) (Sah & Faber, 2002) . Both the peak amplitude and the decay time constant of I AHP were not (normalized to the third interval) vs. the number of the interval between successive APs, calculated from data as in (C), for SL cells in control (black) and following apamin (grey, both n = 8). Apamin has no effect on the firing pattern. Db, averaged plot of the mean AP firing frequency during a current step (duration 200 ms) vs. the normalized amplitude of the current step (f-I plot) in the same cells before (black) and after (grey) application of apamin (n = 9). Apamin significantly shifts the f-I plot to the left. E, APs elicited by a current step in an SP cell before (left) and after (right) apamin. Fa, averaged normalized instantaneous firing plots for SP cells (n = 7) before (black) and after (grey) apamin. Apamin has no significant effect. Fb, averaged f-I plots for SP cells before (black) and after (grey) apamin (n = 8). Apamin significantly shifts the f-I plot to the left. ns, not significant; * * * 0 < P < 0.001. J Physiol 596.22 significantly different between SL and SP cells (amplitude: 146.6 ± 14.0 pA for n = 7 SL cells; 174.0 ± 42.4 pA for n = 6 SP cells, P = 0.61; decay: 48.4 ± 3.6 ms for SL; 42.0 ± 2.4 ms for SP, P = 0.10; unpaired two-tailed t tests).
The voltage clamp protocol for measuring I AHP also revealed a much slower outward current that was apaminresistant ( Fig. 7B) and was probably the slow AHP current (I sAHP ) (Sah & Faber, 2002) . Its mean amplitude and decay time constant were not significantly different between SL and SP cells (amplitude: 16.8 ± 3.1 pA for n = 7 SL cells; 23.0 ± 9.4 pA for n = 6 SP cells; P = 0.53; decay: 1.6 ± 0.2 s for SL, 2.0 ± 0.1 s for SP; P = 0.16; unpaired two-tailed t tests; all measured in the presence of apamin). In view of its small amplitude, this I sAHP was not examined further.
What might be the functional role of the apaminsensitive I AHP ? In whole-cell current clamp recordings, application of apamin caused an increase in the firing frequency of both SL and SP cells, although it had no effect on the pattern of firing ( Fig. 7C and E) . Thus, a plot of mean normalized instantaneous AP frequency vs. interval number showed that SL cells demonstrated the same pattern of regular firing before and after apamin (n = 8, P = 0.6, linear mixed-effects model) (Fig. 7Da) . The same plot for SP cells showed that the characteristic burst-firing was also unaffected by apamin (n = 7, P = 0.7, linear mixed-effects model) (Fig. 7Fa) . Although apamin did not affect firing patterns, its effect in increasing the overall excitability was apparent in the strong leftward shift of the AP input-output curve ( Fig. 7Db and Fb) . These results suggest that, although SK channels do play a role in determining the overall firing frequency in both cell types, they are not important for the pattern of burst firing in SP cells.
Discussion
In the present study, we provide the first quantitative analysis of Na V and K V conductances in two important classes of principal cells (SL and SP cells) that populate the main input layer, layer 2, of the mouse PC. Using nucleated outside-out macropatches and whole-cell recordings, we found surprisingly few differences between SL and SP cells. Na V conductances were almost identical in their peak activation, steady-state inactivation, kinetics and density (Fig. 2) . Both cell types were also found to express A-type and delayed rectifier-type K V conductances (Fig. 3) , which were functionally identified based on their pharmacology, kinetics and voltage dependence (Storm, 1993) . The properties of I A and I K were similar between SL and SP cells (Figs. 4, 5) , with some exceptions, such as τ h for I A at V m ࣙ −47 mV (Fig. 4B ) and inactivation V 1/2 for I K (Fig. 5D ). In addition, both cell types expressed three kinds of functionally distinctive K Ca conductances (mediated by BK, SK and slow-AHP channels) (Figs. 6, 7) . Our results were summarized in a series of empirical equations (Tables 1-3 ) that should provide a useful resource for computational neuroscientists wishing to construct detailed cellular models of the PC (de Almeida et al. 2013; Reuveni et al. 2013; Grabska-Barwinska et al. 2017) .
Comparison with previous work
I Na in our patches exhibits activation and steady-state inactivation curves that are similar to those reported for cell-attached patches on the soma of CA1 pyramidal cells (Magee & Johnston, 1995 ) (e.g. activation V 1/2 ß −30 mV here compared to −30 mV for CA1; inactivation V 1/2 ß −73 to −81 mV here compared to −67 mV for CA1) (Fig. 2C, D) . However, our curves are more hyperpolarized than those reported for somatic Na channels on layer 5 neocortical pyramidal cells and are more similar to axonal Na channels on those cells (Kole et al. 2008) . Our peak Na V conductance densities are also half those reported for CA1 and layer 5 pyramidal cells (ß14-20 pS μm −2 here compared to 40-50 pS μm −2 in CA1 and layer 5) (Stuart & Sakmann, 1994; Magee & Johnston, 1995; Kole et al. 2008) . This difference might stem from the different recording configurations (cell-attached vs. nucleated patches) or it might reflect true cell-specific differences in the dispersal of Na V channels across the somatic membrane.
Our data for K V channels are broadly consistent with the results of similar experiments in layer 5 pyramidal cells in the rat sensorimotor neocortex (Korngreen & Sakmann, 2000; Bekkers, 2000b) . The presence of I A and I K , the shapes and locations of the peak activation and steady-state inactivation curves, and the biexponential inactivation kinetics of I K are all closely conserved between the piriform cortex and neocortex. However, there are two clear differences. First, the activation and inactivation time constants reported in the present study are systematically faster than those given by Bekkers (2000b) , which can be explained by the fact that those earlier experiments were conducted at room temperature (22-25°C) compared to at 33-34°C in the present study. Second, the peak conductance densities for I A and I K reported in the present study are twice those in layer 5 pyramidal cells (I A : ß14 pS μm −2 here compared to ß5-8 pS μm −2 for layer 5 cells; I K : ß28 pA μm −2 here compared to ß13 pS μm
for layer 5 cells) (Bekkers, 2000b) . These differences might partially stem from the temperature difference. Alternatively, we note that nucleated patches from SL and SP cells are half the size of those from layer 5 cells (ß240 μm 2 compared to ß420 μm 2 ) (Bekkers, 2000b) . Thus, the absolute K V conductance is about the same in SL, SP and layer 5 cells, although the K V conductance density is higher in SL and SP cells because of their smaller patch areas. This finding hints at an adaptation that may keep the absolute somatic K V conductance constant across neurons of different soma sizes.
Lastly, SL and SP cells both express three major classes of functionally distinctive K Ca channels (BK, SK and sAHP) that are broadly present in principal cells of other brain regions, including the hippocampus and neocortex (Sah & Faber, 2002) . For example, the effect of blockade of BK channels on spike width (Fig. 6Ab) is similar to that observed in hippocampal pyramidal cells (Storm, 1993) . The amplitude of the SK channel-mediated current we measured in the present study (I AHP ß 150-170 pA) (Fig. 7B ) is similar to that reported for CA1 pyramidal cells (ß100-200 pA) (Bond et al. 2004 ) and for layer 5 neocortical pyramidal cells (ß80-300 pA) . On the other hand, the I sAHP amplitude that we measured in SL and SP cells (ß20 pA) is much smaller than that found in CA1 pyramidal cells (ß200 pA) (Sah & Bekkers, 1996) but more similar to that reported in some subtypes of neocortical pyramidal cells (ß30-60 pA) (Villalobos et al. 2004; Guan et al. 2015) . Interestingly, earlier work using a single-electrode voltage clamp to study guinea-pig olfactory cortex neurons reported a much larger I sAHP (>1 nA) (Constanti & Sim, 1987) , although the exact identity of those neurons was unclear.
Limitations of the experiments
Nucleated patches provide stable recordings under excellent voltage control, which is important for kinetic analysis, although the recordings are restricted to somatic membrane. This limitation is especially pertinent to the study of Na V channels involved in AP initiation. APs are normally not initiated at the soma but, instead, in the axon initial segment (Kole et al. 2008) . In layer 5 neocortical pyramidal cells, for example, low-threshold Na V 1.6 channels at the distal end of the axon initial segment are considered to be more important for AP initiation than the higher-threshold Na V 1.2 channels that predominate closer to the soma (Hu et al. 2009 ). Interestingly, our Na V activation plots for somatic membrane (Fig. 2D ) are more similar to those for axonal Na V 1.6 channels (Rush et al. 2005; Kole et al. 2008) , suggesting that the distribution of channel subtypes is different in principal cells of the piriform cortex. In the future, it will be important to test this directly by assaying channel properties in the axon, as well as the dendrites, of these cells.
Another limitation is that we have separated K V channels into just two classes, I A and I K , based on their biophysical properties and sensitivity to 4-AP/PhTx and TEA. Two other classically-defined classes not considered here are I M (K V 7, blocked by muscarinic agonists) (Brown & Adams, 1980; Guan et al. 2011) and I D (K V 1, blocked by dendrotoxin) (Wu & Barish, 1999; Bekkers & Delaney, 2001; Guan et al. 2006) . I M has been reported in pyramidal neurons in the guinea-pig PC (Constanti & Galvan, 1983) . To our knowledge, I D has not been studied in the PC, although it is small and difficult to measure in nucleated patches from layer 5 pyramidal cells (Bekkers & Delaney, 2001) . Future work would need to explore the properties and function of both I M and I D in SL and SP cells.
Classification of K V channels by biophysics and pharmacology, as performed in the present study, is experimentally convenient but probably imprecise; classification according to the component K V channel subunits may be preferred (Guan et al. 2006; Guan et al. 2007) . For example, I K or I A might be better defined according to which K V 2 or K V 4 subunits, respectively, make up the channel protein (Coetzee et al. 1999; Bishop et al. 2015) . On the other hand, for the purposes of numerical modelling, it should be sufficient to capture the functional profiles of broadly classified membrane conductances (Almog & Korngreen, 2016) , and this was our motivation for the present study.
Firing properties of SL and SP cells
We have previously shown that burst-firing in SP cells is driven by an afterdepolarizing potential that is blocked by 100 μM Ni 2+ , implicating the involvement of Ca V 2.3 (R-type) or Ca V 3 (T-type) channels (Suzuki & Bekkers, 2006) . In the present study, we go further by showing that Na V and K V conductances are not very different in SL and SP cells (Figs. 2, 4 and 5) and that blockade of BK and SK channels has no effect on burst-firing in SP cells (Figs. 6 and 7). Taken together, these results suggest that none of those channel classes can account for the divergent firing properties of SL and SP cells (keeping in mind that we have not tested for differences in ion channel distributions). Future work would need to explore the contributions of these and other channels to burst-firing in SP cells, ideally with the aid of numerical modelling (for example, as reported in Gu et al. 2005) . Such models should also take into account the very different dendritic morphologies of SL and SP cells (Fig. 1A) , given that morphology can play a role in determining firing patterns (Mainen & Sejnowski, 1996) .
Significance of the findings
Our general conclusion is that Na V , K V and K Ca conductances are similar in SL and SP cells, and broadly similar to principal cells in the neocortex and hippocampus. This finding is significant because it shows that principal neurons in the PC (a primitive palaeocortex) are not so very different from principal neurons in any other cortical region, implying that the electrical properties of principal neurons have been conserved during the evolution from three-layered palaeocortex to six-layered neocortex. Thus, other primordial features of the cortical circuit have probably also been conserved (Shepherd, 2011; Fournier et al. 2014; Klingler, 2017) . It J Physiol 596.22
would not be surprising if, for example, the fundamental roles of synaptic inhibition in the cortex, or the progressive refinement of sensory representations across cortical laminae, will be implemented in similar ways in the palaeocortex and neocortex. If so, then there is a benefit with respect to studying a simpler trilaminar structure such as the piriform cortex, knowing that findings about the underlying mechanisms are probably applicable to cortical sensory processing in general.
We aimed to increase the utility of our Na V and K V data by summarizing the analysis in a set of empirical equations that draw upon the Hodgkin-Huxley formalism (Hodgkin & Huxley, 1952) (Tables 1-3 ). Presented in this form, the data are expected to be useful to those who seek to build computational models of the PC (de Almeida et al. 2013; Grabska-Barwinska et al. 2017) . We acknowledge that these data are incomplete; specifically, conductance density maps for the axon and dendrites are lacking (compare with layer 5 pyramidal cells; Bekkers, 2000a; Stuart et al. 2016) . However, even attenuated data of this kind can generate valuable insights into neural function (Marder & Taylor, 2011; Drion et al. 2015) , provided that the pitfalls are recognized and avoided (Almog & Korngreen, 2016) .
In summary, we have provided the first detailed analysis of several types of sodium and potassium conductances expressed by the main classes of principal cells in the PC. We anticipate that our careful quantification of these conductances will assist in the implementation of realistic models of the PC, improving our understanding of the cortical processing of olfactory information.
